Introduction {#s1}
============

Intense physical efforts performed at or near maximal speed and the ability to recover from it are important markers of successful in-game performance in high-intensity, intermittent sports (Spencer et al., [@B55]). Team- and racquet-sport players implement training methods, based on the repetition of maximal efforts in normoxia (e.g., repeated sprints, Bishop et al., [@B7]) or in hypoxia (e.g., repeated sprints in hypoxia; Brocherie et al., [@B9]), for eliciting neuromuscular adaptations (e.g., enhanced muscle oxygenation and activation responses) and improving cardiovascular and metabolic function, in turn maximizing their physical performance. Although the physiological responses and potential metabolic limiting factors (i.e., limitations in energy supply, metabolite accumulation) associated with the completion of one repeated-sprint set have largely been described, there is comparatively less data on the neuromuscular consequences (Girard et al., [@B24]).

Neuromuscular fatigue is an exercise-induced reduction in the maximal isometric voluntary contraction (MVC) force/torque or power of a muscle group, which potentially involves alterations at any levels from the brain to skeletal muscles (Gandevia, [@B20]). Over the past decade, an increasing number of studies have quantified neuromuscular fatigue following repeated running (Perrey et al., [@B49]) or cycling (Racinais et al., [@B52]; Billaut et al., [@B6]; Girard et al., [@B21]; Hureau et al., [@B35]) sprints by comparing pre- to post-sprint values of force/torque, voluntary activation, electromyogram (EMG), and twitch responses. Recent studies assessed the neuromuscular function during the actual repeated-sprint sets (Goodall et al., [@B28]; Pearcey et al., [@B47]). With regard to MVC, however, it is important to note that maximal force/torque production capacity is most often obtained when exceeding 300 ms following contraction onset (Thorstensson et al., [@B59]). This is contrasting to the characteristics of muscular contraction occurring in several sporting events, where muscle force needs to be developed in less than 250 ms (e.g., sprints: Kuitunen et al., [@B38]; jumps: Luhtanen and Komi, [@B40]). Therefore, the ability to rapidly generate force/torque, i.e., the rate of force/torque development (RTD) within the initial (i.e., \<250 ms) phase of an MVC which in turn correlates with sprint performance (Tillin et al., [@B60]), likely constitutes a more functional outcome measure (Girard and Millet, [@B25]). Therefore, RTD as a surrogate for explosive strength should be assessed for a better understanding of the acute neuromuscular adjustments to repeated sprinting.

Repeated-sprint ability is more altered at high (\>3000--3500 m or FiO~2~ below 13--14%) than lower altitudes, either normoxia or low-to-moderate (\<3000 m or FiO~2~ above 14%) altitude (Bowtell et al., [@B8]; Goods et al., [@B30]). Not only acute hypoxic exposure decreases convective O~2~ transport (i.e., reduction in arterial O~2~ saturation values or SpO~2~), but also challenges multiple regulatory systems by increasing cardiorespiratory (i.e., higher heart rate, minute ventilation, O~2~ debt), metabolic (i.e., slower muscle re-oxygenation responses) and/or neuromuscular (i.e., incomplete muscle activation) requirements during sprinting or subsequent recovery periods (Balsom et al., [@B4]; Billaut et al., [@B6]; Bowtell et al., [@B8]). Compared to normoxia, the completion of a repeated-sprint cycling protocol (15 × 5-s efforts, 25-s rest) in high hypoxia (FiO~2~ = 14%) led to \~8% lower total mechanical work as a result of impaired muscle activation, which was also accompanied by \~6% lower post-exercise MVC (Billaut et al., [@B6]). However, these authors did not include any measure of explosive strength in their study.

To our knowledge, only one study has investigated the effect of repeated sprinting (i.e., 10 × 6-s "all out" cycling sprints, followed, after 6 min of passive rest, by 5 × 6-s sprints; recoveries = 30 s) performance on post-exercise alterations in rapid muscle torque production capacity of the knee extensors (KE) (Girard et al., [@B21]). MVC (−12%) and RTD (−15 to −26% from the 0--30 to 0--200 ms epochs after contraction onset) decreased during brief (i.e., 5 s) contractions after (i.e., 3 min) the repeated-sprint exercise. From this report, however, it is not entirely clear to which extent differences in RTD actually resulted from maximal voluntary strength adjustments, since RTD results were not normalized to MVC torque. Hence, whereas MVC torque losses following prolonged match-play tennis accounted for the dampened RTD values (Girard et al., [@B27]), fatigue induced by 10 sets of voluntary maximal explosive contractions exerted a more rapid and pronounced effect (particularly during the initial 50 ms of contraction) on explosive strength than MVC torque (Buckthorpe et al., [@B12]). Consequently, although repeated sprinting decreases RTD (Girard et al., [@B21]), the question of whether RTD at early and/or late intervals is more pronouncedly impaired than MVC has not been specifically addressed.

The analysis of EMG amplitude throughout the rising force-time curve can reveal how voluntary neural drive to skeletal muscle underlies the post-exercise decreased RTD. Hence, the rate of muscle activation is related to muscle shortening velocity (Nelson, [@B46]), a factor directly influencing RTD (Harridge et al., [@B33]). Furthermore, the determinants of explosive force production appear to change throughout the rising force-time curve (Folland et al., [@B19]) and fatigue may differentially affect the development of force throughout the time course of an explosive contraction. After repeated sprinting, non-significant reductions in *vastus lateralis* (VL) Root Mean Square (RMS) activities have been shown to accompany deteriorated RTD values (Girard et al., [@B21]). However, because the delay between exercise termination and post-exercise neuromuscular testing was 3 min in the aforementioned study, any meaningful changes in the central nervous performance may have already recovered. Furthermore, it has not been investigated if the early and later RTD time intervals (and associated rate of EMG activity rise) are in fact modified differently by performing repeated-sprint in various hypoxia severity levels. This question of the alteration in explosive strength post-hypoxic exposure/training is of high practical relevance in team- and racquet-sports but remains unclear: Hence, while countermovement jump performance increased to a similar extent after repeated-sprint training in normoxia vs. hypoxia (Brocherie et al., [@B9]), movement velocity and power during the execution of a force-velocity in bench-press are improved when exposed to hypobaric vs. normobaric hypoxia in reference to normoxia (Feriche et al., [@B18]).

The aim of this study was therefore to assess the effects of repeated sprinting in different levels of normobaric hypoxia on the alterations in RTD and neuromuscular activity of KE. Given that there is "*extraordinarily little that changes with regard to maximal force-generating capacity with acute hypoxia"* (Perrey and Rupp, [@B50]), it was hypothesized that the already-known decrease in repeated-sprint ability (i.e., lower fatigue resistance) under high hypoxic conditions would not be associated with more pronounced alterations in explosive force production (i.e., RTD) compared to normoxia or low hypoxia.

Methods {#s2}
=======

Participants
------------

Thirteen male recreational team- (i.e., football, rugby, basketball) and racket- (i.e., tennis, squash) sport athletes (Mean ± SD: 31.2 ± 4.8 years; 178.4 ± 6.6 cm; 74.3 ± 8.2 kg) participated in the study. All participants were born and raised at \<1000 m and had not traveled to elevations \>1000 m in the 3 months prior to investigation. They gave their informed, written consent preceding the commencement of the experiment. Experimental protocol was conducted according to the Declaration of Helsinki for use of Human Subjects and approved by the Ethics Committee of *Shafallah Medical Genetics Center*.

Study design
------------

Elements have previously been reported in Girard et al. ([@B22]). About a week prior to testing, participants undertook a complete preliminary session where they performed short (\<5 s) treadmill sprints at increasing intensities wearing a facemask for habituation (i.e., with the hypoxic system turned off), with full recovery and until being comfortable with the running technique required (which generally necessitated 7--10 trials). Then they performed three maximal 5-s single sprints, separated by 2 min of passive recovery, and after 5 min of rest, the repeated-sprint exercise test in full. All of them satisfied the criteria of having a coefficient of variation \< 2.2% for distance covered across three successive trials (Girard et al., [@B23]). Strong verbal encouragement was given during all maximal efforts. Participants were also thoroughly familiarized with the neuromuscular function assessment protocol (see *Neuromuscular Function*) until they felt accustomed with the equipment (i.e., coefficient of variation in three successive KE trials for peak RFD and maximal torque with "fast" and "hard" instructions lower than 5 and 3%, respectively).

Participants reported to the laboratory (well-ventilated at a constant temperature of \~25°C and 40% relative humidity) on three different occasions (\~1 h; counterbalanced randomized crossover design in double-blind fashion) at least 3--4 days apart to complete an experimental session. This involved performing a repeated-sprint running protocol on a sprint treadmill (ADAL3D-WR, Medical Development -- HEF Tecmachine, Andrézieux-Bouthéon, France), allowing participants to produce realistic acceleration and high running velocities (Morin et al., [@B44]). Participants performed their trials at the same time of the day (± 1 h) and wore similar sports gear (running shoes, short, and T-shirt). They were instructed to maintain their normal diet (i.e., avoiding any nutritional supplements or alcohol consumption), sleeping (i.e., ≥7 h/night) and training (i.e., avoiding vigorous exercise 24 h before every trial) habits during the 1--2 weeks period of testing to prevent any possible interference on their sprinting abilities. Participants were instructed to drink 4--6 mL of water per kilogram of body mass every 2.5 h on the day before each experimental session to ensure euhydration at the start of exercise. They were permitted to drink *ad libitum* during the warm-up procedure.

Experimental protocol
---------------------

Upon arrival on testing days, participants were instrumented and pre-exercise (Pre-tests) neuromuscular function assessment (see *Neuromuscular Function*) was conducted in normoxia. Thereafter, they completed a running warm-up (i.e., on the sprint treadmill with participants breathing ambient air) consisting of 5 min of running at 10 km.h^−1^, followed by 10 min of sprint-specific muscular warm-up exercises \[i.e., 3 × (skipping, high knee, butt-kick, high heels for \~10 s with 30-s walking in between), followed by 3 × (3 steps accelerations at a subjective "sense of effort" of 7, 8, and 9 on a modified Borg 10 scale), then by 2 × (3-s sprints at a subjective "sense of effort" of 8 and 9)\] (Christian et al., [@B14]). Afterwards, three maximal 5-s single sprints, separated by 2 min of passive recovery, were completed. After a facemask connected to a portable hypoxic generator (Altitrainer, SMTEC SA, Nyon, Switzerland) had been attached on participants, they were allowed 5-min of free cool-down prior to the repeated-sprint protocol. This exercise consisted of performing eight, 5-s "all-out" sprints interspersed with 25 s of passive rest and was randomly conducted in normoxia (NM; FiO~2~ = 20.9%), in low and high simulated altitudes (normobaric hypoxia) of \~1800 m (LA; FiO~2~ = 16.8%) and \~3600 m (HA; FiO~2~ = 13.3%), respectively. Normobaric hypoxia was obtained by mixing nitrogen into ambient air under control of FiO~2~. During recovery periods, participants stood quietly on the treadmill. Repeated-sprint ability was assessed from covered distance data using three scores: the largest (i.e., during the first sprint in all cases) distance ran, the cumulated distance covered over the eight sprints (i.e., sum of the eight sprints) and the sprint decrement score \[i.e., (\[cumulated distance/(largest distance × 8)\]--1) × 100\] (Girard et al., [@B24]). Finally, the neuromuscular function assessment was repeated (Post-tests) in normoxia (i.e., participants took off the facemask 25 s after completion of the last sprint) and was started exactly 1 min after the repeated-sprint exercise protocol ended.

Responses to exercise
---------------------

Heart rate and SpO~2~ were monitored and estimated, respectively, via a Polar transmitter-receiver (Wearlink T-31, Polar Electro Oy, Kempele, Finland) and non-invasive pulse oximetry using a finger probe (Palmsat, 2500, NONIN Medical Inc., Plymouth, MI, USA). Together with heart rate and SpO~2~, ratings of perceived exertion were recorded using the Borg 6--20 scale (i.e., 6 = no exertion at all, 20 = maximal exertion) exactly 10 s following each sprint (i.e., peak values likely to be obtained). Additionally, SpO~2~ was recorded between before the warm-up and 4 min after the last sprint. These time points corresponded to the end of pre- and post-tests.

Neuromuscular function
----------------------

Neuromuscular test sessions began by the completion of three successful MVCs, all brief (\~5 s) and separated by ≥30 s of rest, with a twitch delivered over the isometric plateau. Participants were instructed to increase torque production over a 1-s period, hold it for 3--4 s and then relax before completing the next contraction. Thereafter, participants were instructed to perform "explosive" MVCs (separated by ≥20 s). During all brief MVCs trials the participants were carefully instructed to contract "as fast as possible" for \~1 s from a fully relaxed state, in an attempt to achieve at least 90% of their MVC torque. Participants were asked to avoid any countermovement before torque onset; i.e., they were reminded not to flex the knee immediately prior to KE. They were strongly encouraged with verbal feedback and a visual display of the torque production. Contractions that had any discernable countermovement or pre-tension (i.e., change of baseline torque of \>1.5 Nm during the 100 ms before contraction onset; Girard et al., [@B27]) were discarded and another attempt was made. To provide biofeedback on whether a countermovement had occurred, the resting torque level was displayed on a sensitive scale. The slope of the torque--time curve (10 ms time constant) was displayed throughout testing and the peak slope was used to provide visual performance feedback to participants after each contraction. Pre-tests assessment was preceded by a warm-up consisting of 10 isometric contractions of \~3--5 s in duration interspaced with \~10--20 s of recovery. Contraction intensity was progressively self-adjusted by the participant to attain maximal torque in the last three contractions.

Recordings
----------

### Torque measurements

KE torque was measured with participants seated upright on a custom-built adjustable chair with the hips and knees flexed at 90°. Restraining straps placed across the chest and hips secured the participants in the chair to prevent extraneous movement, while the dynamometer (Captels, St Mathieu de Treviers, France) was attached 3--5 cm above the tip of the lateral malleoli. During all contractions the torque signals were amplified, sent through an A/D board and sampled at 2000 Hz by commercially available hardware and software (MP35 and BSL Pro Version 3.6.7, Biopac Systems Inc., Santa Barbara, USA).

### Electromyography

The EMG activity of the VL and *rectus femoris* (RF) muscles was recorded via bipolar Ag/AgCl electrodes (Ambu Blue sensor T, Ambu A/S, Denmark; diameter = 9 mm; inter-distance electrode = 30 mm) fixed longitudinally over the muscle bellies. The reference electrode was attached to the right wrist. Low impedance between the two electrodes was obtained by abrading the skin with emery paper and cleaning with alcohol. The position of the electrodes was marked for consistent placement. EMG signals were amplified (gain = 1000), filtered (band-width frequency 30--500 Hz) and recorded (sampling frequency = 2000 Hz) by commercially available hardware (Biopac MP35, systems Inc., Santa Barbara, CA) and software (Acqknowledge 3.6.7, Biopac Systems Inc., Santa Barbara, CA).

### Motor nerve stimulation

Femoral nerve stimulations (400 V, rectangular pulse of 0.2 ms) were delivered by a high-voltage stimulator (Digitimer DS7AH; Digitimer, Hertfordshire, UK) via a cathode electrode (diameter of 5 mm) placed in the inguinal crease and an anode (5 × 10 cm; Medicompex, SA, Ecublens, Switzerland) in the gluteal fold. The intensity of stimulation was determined during the familiarization test session using a passive isometric recruitment curve (Racinais et al., [@B53]). Briefly, the stimulation intensity was increased by 10-mA increments until a maximal peak twitch torque was achieved and then a further increased by 50% to ensure constant supramaximal stimulation throughout the protocol.

Data analysis
-------------

All analyses were performed using Spike 2 Software (Cambridge Electronic Design, Cambridge, UK). The MVC torque was defined as the maximum value recorded for 1 s when the torque had reached a plateau (before the superimposed twitch), and the RMS of the EMG activity was computed during the same 1-s period (RMS~MAX~). Similarly, the peak-to-peak amplitude of superimposed maximum compound action potential (M-wave) responses was measured for each agonist muscle, and RMS~MAX~ was divided by M-wave to give a ratio RMS~MAX~/M-wave.

The contractile RTD (expressed as Nm.s^−1^) was derived from the "explosive" MVC measurements, as the average slope of the initial time phase of the torque-time curve at 0--30, 0--50, 0--100, and 0--200 ms, relative to the onset of contraction (Aagaard et al., [@B1]; Suetta et al., [@B56]; Thorlund et al., [@B57]) using a custom written program (Spike 2 Software, Cambridge Electronic Design, Cambridge, UK). The onset of muscle contraction was defined as the time point at which the torque curve exceeded baseline by \>4.5 Nm, corresponding to \~2.5% of MVC torque values (Andersen et al., [@B3]). The peak RTD was defined as the peak Δtorque/Δtime achieved during the initial 200 ms of the isometric contraction (de Oliveira et al., [@B15]; Girard et al., [@B27]). In addition, the rate of muscle activation (expressed as mV.s^−1^) was measured as the raw RMS activity increase obtained at similar time intervals relative to onset integration (i.e., activity). The onset of EMG integration was shifted 50 ms before the onset of contraction to account for the presence of electromechanical delay (Aagaard et al., [@B1]; Girard et al., [@B21]). The RTD and EMG rise were also normalized relative to maximal MVC torque (%MVC) and maximal EMG activity (%RMS~MAX~/M-wave). The mean over three trials was used for further analysis for each parameter.

Statistical analysis
--------------------

Values are expressed as means ± SD. Two-way repeated-measures ANOVAs \[Time (Pre-tests vs. Post-tests) × Condition (NM, LA vs. HA)\] were used to compare torque and muscle activation data for each time window (0--30, 0--50, 0--100, and 0--200 ms) independently for absolute and relative changes. Outcome variables were tested using Mauchly\'s procedure for sphericity. Whenever the data violated the assumption of sphericity, *P*-values and adjusted degrees of freedom based on Greenhouse-Geisser correction were reported instead. Where significant effects were established, pairwise differences were identified using the Bonferroni *post-hoc* analysis procedure adjusted for multiple comparisons. For each ANOVA, partial eta-squared was calculated as measures of effect size. Values of 0.01, 0.06, and above 0.14 were considered as small, medium, and large, respectively. All statistical calculations were performed using SPSS statistical software V.21.0 (IBM Corp., Armonk, NY, USA). The significance level was set at *P* \< 0.05.

Results {#s3}
=======

Repeated-sprint ability and responses to exercise
-------------------------------------------------

Distance covered during the first 5-s sprint was similar (24.2 ± 1.4, 24.5 ± 1.5, and 24.4 ± 1.7 m for NM, LA, and HA, respectively; *P* \> 0.05) across conditions (Figure [1](#F1){ref-type="fig"}). In reference to sprint 1, distance covered decreased from sprint 2 onwards (*P* \< 0.001), independently of the condition (*P* = 0.324). The averaged values of distance covered for sprints 1--8 were lower in HA (22.3 ± 1.3 m) compared to NM (22.9 ± 1.2 m; *P* = 0.044) but not LA (22.7 ± 1.3 m; *P* = 0.183), with also no difference between NM and LA (*P* = 0.710). A larger sprint decrement score occurred in HA (−7.8±3.6%) vs. NM (−5.3±1.9%; *P* = 0.015) but not LA (−6.3±3.5%; *P* = 0.060), with also no difference between NM and LA (*P* = 0.237). Compared to NM (183.2 ± 9.3 m), the cumulated distance covered over the eight sprints was shorter in HA (178.5 ± 10.7 m; *P* = 0.014) but not in LA (181.4 ± 10.3 m; *P* = 0.056), with also no difference between NM and LA (*P* = 0.240).

![**Distance covered during the repeated-sprint ability test**. Data are presented in normoxia (NM; FiO~2~ = 20.9%), at low (LA; FiO~2~ = 16.8%), and high (HA; FiO~2~ = 13.3%) normobaric hypoxia. Values are mean ± SD (*n* = 13). T, C, and I respectively refer to ANOVA main effects of time, condition, and interaction between these two factors with *P*-value and partial eta-squared in parentheses. ^\*^Significantly different from sprint 1 (all conditions pooled), *P* \< 0.05. ^†^NM different from HA (all sprints pooled), *P* \< 0.05.](fphys-07-00097-g0001){#F1}

Whereas, it did not change in NM (96.8 ± 0.8 vs. 96.0 ± 1.6%; *P* = 0.455), SpO~2~ values decreased from the first to the last sprint in LA (95.0 ± 2.0 vs. 89.7 ± 4.0%; *P* = 0.050) and HA (88.8 ± 2.5 vs. 81.8 ± 4.5%; *P* = 0.001) (Table [1](#T1){ref-type="table"}). Compared to pre-tests (96.9 ± 0.4%), SpO~2~ values were not different among conditions during post-tests after completion of the repeated-sprint ability protocol (96.2 ± 0.5%; all conditions pooled, *P* \> 0.05). Heart rate (NM: 150 ± 15 vs. 176 ± 12 bpm; LA: 154 ± 9 vs. 176 ± 9 bpm; HA: 154 ± 12 vs. 174 ± 13 bpm, all *P* \< 0.001) and ratings of perceived exertion (NM: 11.8 ± 1.4 vs. 18.5 ± 1.2 points; LA: 11.3 ± 1.4 vs. 18.1 ± 1.6 points; HA: 11.5 ± 1.8 vs. 19.1 ± 0.8 points, all *P* \< 0.001) increased from sprint 1 to sprint 8, irrespective of the environmental condition (*P* = 0.256). Higher ratings of perceived exertion values were recorded for the average of eight sprints in HA (15.8 ± 0.3 points) vs. LA (15.2 ± 0.3 points; *P* = 0.006), but not NM (15.5 ± 0.3 points; *P* = 0.452).

###### 

**Changes in responses to exercise during the repeated-sprint ability test in normoxia (NM; FiO~2~ = 20.9%), under low (LA; FiO~2~ = 16.8%) and high (HA; FiO~2~ = 13.3%) normobaric hypoxia**.

  **Variables**      **Sprint number**   **ANOVA *(Partial eta-squared)***                                                                                                                                                                                                                                                                                   
  ------------------ ------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ---------------------
  **SpO~2~ (%)**                                                                                                                                                                                                                                                                                                                                             
  NM                 96.8±0.8            96.4±1.9                                    96.3±1.9                                    95.8±2.0                                    96.2±2.1                                    95.8±2.0                                    95.8±1.5                                    96.0±1.6                                    T \< 0.001 *(0.60)*
  LA^\#^             95.0±2.0            94.3±3.2                                    92.4±3.4[^\*^](#TN1){ref-type="table-fn"}   91.3±2.9[^\*^](#TN1){ref-type="table-fn"}   91.5±3.0[^\*^](#TN1){ref-type="table-fn"}   91.5±3.0                                    89.6±4.4[^\*^](#TN1){ref-type="table-fn"}   89.7±4.0[^\*^](#TN1){ref-type="table-fn"}   C \< 0.001 *(0.85)*
  HA^\#,\ †^         88.8±2.5            86.1±4.5                                    84.5±4.1[^\*^](#TN1){ref-type="table-fn"}   84.0±4.9[^\*^](#TN1){ref-type="table-fn"}   83.6±5.2[^\*^](#TN1){ref-type="table-fn"}   83.2±4.6[^\*^](#TN1){ref-type="table-fn"}   82.5±5.3[^\*^](#TN1){ref-type="table-fn"}   81.8±4.5[^\*^](#TN1){ref-type="table-fn"}   I = 0.016 *(0.24)*
  **HR (bpm)**                                                                                                                                                                                                                                                                                                                                               
  NM                 150±15              164±13[^\*^](#TN1){ref-type="table-fn"}     169±13[^\*^](#TN1){ref-type="table-fn"}     171±12[^\*^](#TN1){ref-type="table-fn"}     174±12[^\*^](#TN1){ref-type="table-fn"}     175±11[^\*^](#TN1){ref-type="table-fn"}     175±11[^\*^](#TN1){ref-type="table-fn"}     176±12[^\*^](#TN1){ref-type="table-fn"}     T \< 0.001 *(0.92)*
  LA                 154±9               166±11[^\*^](#TN1){ref-type="table-fn"}     172±9[^\*^](#TN1){ref-type="table-fn"}      175±10[^\*^](#TN1){ref-type="table-fn"}     176±10[^\*^](#TN1){ref-type="table-fn"}     176±11[^\*^](#TN1){ref-type="table-fn"}     176±10[^\*^](#TN1){ref-type="table-fn"}     176±9[^\*^](#TN1){ref-type="table-fn"}      C = 0.427 *(0.07)*
  HA                 154±12              166±15[^\*^](#TN1){ref-type="table-fn"}     171±13[^\*^](#TN1){ref-type="table-fn"}     174±14[^\*^](#TN1){ref-type="table-fn"}     174±13[^\*^](#TN1){ref-type="table-fn"}     175±12[^\*^](#TN1){ref-type="table-fn"}     174±12[^\*^](#TN1){ref-type="table-fn"}     174±13[^\*^](#TN1){ref-type="table-fn"}     I = 0.187 *(0.12)*
  **RPE (POINTS)**                                                                                                                                                                                                                                                                                                                                           
  NM                 11.8±1.4            13.0±1.1[^\*^](#TN1){ref-type="table-fn"}   14.3±1.4[^\*^](#TN1){ref-type="table-fn"}   15.5±1.5[^\*^](#TN1){ref-type="table-fn"}   16.4±1.7[^\*^](#TN1){ref-type="table-fn"}   17.1±1.6[^\*^](#TN1){ref-type="table-fn"}   17.7±1.5[^\*^](#TN1){ref-type="table-fn"}   18.5±1.2[^\*^](#TN1){ref-type="table-fn"}   T \< 0.001 *(0.95)*
  LA                 11.3±1.4            12.7±1.1[^\*^](#TN1){ref-type="table-fn"}   13.8±1.2[^\*^](#TN1){ref-type="table-fn"}   15.1±1.1[^\*^](#TN1){ref-type="table-fn"}   16.1±1.2[^\*^](#TN1){ref-type="table-fn"}   17.0±1.5[^\*^](#TN1){ref-type="table-fn"}   17.6±1.4[^\*^](#TN1){ref-type="table-fn"}   18.1±1.6[^\*^](#TN1){ref-type="table-fn"}   C = 0.034 *(0.25)*
  HA^†^              11.5±1.8            13.0±1.6[^\*^](#TN1){ref-type="table-fn"}   14.4±1.6[^\*^](#TN1){ref-type="table-fn"}   15.7±1.6[^\*^](#TN1){ref-type="table-fn"}   16.7±1.4[^\*^](#TN1){ref-type="table-fn"}   17.5±1.3[^\*^](#TN1){ref-type="table-fn"}   18.4±1.1[^\*^](#TN1){ref-type="table-fn"}   19.1±0.8[^\*^](#TN1){ref-type="table-fn"}   I = 0.256 *(0.10)*

*Mean ± SD (n = 13)*.

*SpO~2~, arterial O~2~ saturation; HR, heart rate; RPE, ratings of perceived exertion*.

*Significantly different from sprint 1 (P \< 0.05)*.

*^\#^and significantly different from NM and LA, respectively (P \< 0.05)*.

Maximal strength
----------------

Compared to NM (−9 ± 7%), a larger (*P* \< 0.05) reduction in MVC torque occurred from pre- to post-exercise in HA (−14 ± 9%; *P* = 0.021) but not in LA (−12 ± 7%; *P* = 0.270), with also no differences between LA and HA (*P* = 0.340) (Table [2](#T2){ref-type="table"}). During MVCs, raw EMG signals of both VL and RF muscles were lower at post- relative to pre-, with no difference between conditions. Peak-to-peak M-wave amplitudes for both VL and RF muscles did not change. A global reduction of the RMS~MAX~/M-wave ratio occurred from pre- to post-exercise for the RF (−14 ± 11%; *P* = 0.002), while failing to reach statistical significance for the VL (−8 ± 11%; *P* = 0.075).

###### 

**Neuromuscular parameters recorded during brief explosive maximal knee extension before (Pre-tests) and after (Post-tests) repeated sprinting in normoxia (NM; FiO~2~ = 20.9%), under low (LA; FiO~2~ = 16.8%) and high (HA; FiO~2~ = 13.3%) normobaric hypoxia**.

  **Variables**             **Pre-tests**   **Post-tests**   **ANOVA ***(Partial eta-squared)*****                                                                                                                                                                                                                  
  ------------------------- --------------- ---------------- --------------------------------------- --------------------------------------------- --------------------------------------------- ------------------------------------------------------------------------------ ------------------ ---------------- ----------------
  MVC torque (Nm)           271.0±45.6      269.5±41.9       270.1±42.3                              246.5±35.4[^\*^](#TN2){ref-type="table-fn"}   237.6±39.0[^\*^](#TN2){ref-type="table-fn"}   232.3±40.8[^\*^](#TN2){ref-type="table-fn"}[^\#^](#TN3){ref-type="table-fn"}   \<0.001 *(0.77)*   0.085 *(0.19)*   0.021 *(0.28)*
  Peak RTD (Nm.s)           1018±122        1074±208         986±195                                 965±133[^\*^](#TN2){ref-type="table-fn"}      948±152[^\*^](#TN2){ref-type="table-fn"}      942±199[^\*^](#TN2){ref-type="table-fn"}                                       0.031 *(0.33)*     0.024 *(0.11)*   0.040 *(0.24)*
  RMS~MAX~\_VL (mV)         0.604±0.112     0.599±0.110      0.597±0.111                             0.568±0.107                                   0.524±0.093                                   0.553±0.110                                                                    \<0.001 *(0.59)*   0.159 *(0.14)*   0.117 *(0.16)*
  RMS~MAX~\_RF (mV)         0.449±0.173     0.451±0.158      0.449±0.160                             0.403±0.162                                   0.398±0.147                                   0.395±0.169                                                                    \<0.001 *(0.65)*   0.927 *(0.06)*   0.777 *(0.13)*
  M-wave_VL (mV)            11.4±4.5        12.0±4.5         11.4±4.6                                11.5±4.5                                      11.3±4.4                                      11.9±4.9                                                                       0.903 *(0.01)*     0.905 *(0.08)*   0.176 *(0.15)*
  M-wave_RF (mV)            12.4±2.0        12.6±3.2         12.4±2.0                                13.0±2.1                                      12.5±1.4                                      12.8±1.7                                                                       0.436 *(0.051)*    0.914 *(0.07)*   0.570 *(0.05)*
  RMS~MAX~/M-wave_VL (mV)   0.054±0.027     0.052±0.025      0.056±0.030                             0.051±0.025                                   0.049±0.029                                   0.048±0.022                                                                    0.075 *(0.24)*     0.643 *(0.04)*   0.395 *(0.07)*
  RMS~MAX~/M-wave_RF (mV)   0.038±0.018     0.039±0.020      0.037±0.017                             0.033±0.016                                   0.033±0.013                                   0.031±0.015                                                                    0.002 *(0.57)*     0.053 *(0.05)*   0.813 *(0.02)*

*Mean ± SD (n = 13)*.

*MVC torque, maximal voluntary contraction torque; Peak RTD, peak rate of torque development; RMS~MAX~, M-wave and RMS~MAX~/M-wave represent the average of root mean square, maximal M-waves, and normalized electromyogram activity of vastus lateralis (VL) and rectus femoris (RF) muscles*.

*Significantly different from Pre-tests (P \< 0.05)*.

*Significantly different from NM (P \< 0.05)*.

Rapid muscle characteristics
----------------------------

Peak RTD (all conditions pooled: −6 ± 11%; *P* = 0.031) was significantly reduced from pre- to post-exercise (Table [2](#T2){ref-type="table"}). Reduction in RTD (absolute values) occurred within the 0--100 (−8 ± 9%; *P* = 0.011) and 0--200 ms (−10 ± 8%; *P* \< 0.001) epochs after contraction onset, independent of the condition (*P* \> 0.23; Figure [2](#F2){ref-type="fig"}). No differences in RTD (relative values) were observed after normalization to MVC torque (*P* \> 0.197; Figure [3](#F3){ref-type="fig"}). Furthermore, the relative rates of EMG rise for VL muscle for any epochs throughout the experimental protocol were not different between conditions (*P* \> 0.49) and there were no interaction (*P* \> 0.42) or time effects (*P* \> 0.12) (Figure [4](#F4){ref-type="fig"}). The rate of EMG rise for RF muscle increased during the periods 0--30 (+22 ± 26%; *P* = 0.006), 0--50 (+25 ± 28%; *P* = 0.002), 0--100 (+27 ± 27%; *P* \< 0.001), and 0--200 ms (+23 ± 2%; *P* = 0.002) post-exercise, independently of the condition (*P* \> 0.23; Figure [5](#F5){ref-type="fig"}).

![**Rate of torque development (absolute values) during explosive isometric knee extension obtained at 0--30, −50, −100, and −200 ms prior to (Pre-tests; full bars) and following (Post-tests; dashed bars) repeated sprinting in normoxia (NM; FiO~2~ = 20.9%; white bars), at low (LA; FiO~2~ = 16.8%; gray bars) and high (HA; FiO~2~ = 13.3%; black bars) normobaric hypoxia**. Values are mean ± SD (*n* = 13). T, C, and I respectively refer to ANOVA main effects of time, condition, and interaction between these two factors with *P*-value and partial eta-squared in parentheses. ^\*^Significantly different from Pre-tests, *P* \< 0.05.](fphys-07-00097-g0002){#F2}

![**Normalized rate of torque development (% maximal voluntary contraction torque) during explosive isometric knee extension obtained at 0--30, −50, −100, and −200 ms prior to (Pre-tests; full bars) and following (Post-tests; dashed bars) repeated sprinting in normoxia (NM; FiO~2~ = 20.9%; white bars), at low (LA; FiO~2~ = 16.8%; gray bars) and high (HA; FiO~2~ = 13.3%; black bars) normobaric hypoxia**. Values are mean ± SD (*n* = 13). T, C, and I respectively refer to ANOVA main effects of time, condition and interaction between these two factors with *P*-value and partial eta-squared in parentheses.](fphys-07-00097-g0003){#F3}

![**Rate of *vastus lateralis* EMG activity rise (% RMS~MAX~/M-wave) during explosive isometric knee extension obtained at 0--30, −50, −100, and −200 ms prior to (Pre-tests; full bars) and following (Post-tests; dashed bars) repeated sprinting in normoxia (NM; FiO~2~ = 20.9%; white bars), at low (LA; FiO~2~ = 16.8%; gray bars) and high (HA; FiO~2~ = 13.3%; black bars) normobaric hypoxia**. Values are mean ± SD (*n* = 13). T, C, and I respectively refer to ANOVA main effects of time, condition and interaction between these two factors with *P*-value and partial eta-squared in parentheses.](fphys-07-00097-g0004){#F4}

![**Rate of *rectus femoris* EMG activity rise (% RMS~MAX~/M-wave) during explosive isometric knee extension obtained at 0--30, −50, −100, and −200 ms prior to (Pre-tests; full bars) and following (Post-tests; dashed bars) repeated sprinting in normoxia (NM; FiO~2~ = 20.9%; white bars), at low (LA; FiO~2~ = 16.8%; gray bars) and high (HA; FiO~2~ = 13.3%; black bars) normobaric hypoxia**. Values are mean ± SD (*n* = 13). T, C, and I respectively refer to ANOVA main effects of time, condition and interaction between these two factors with *P*-value and partial eta-squared in parentheses. ^\*^Significantly different from Pre-tests, *P* \< 0.05.](fphys-07-00097-g0005){#F5}

Discussion {#s4}
==========

Repeated-sprint performance and responses to exercise
-----------------------------------------------------

Distance ran during the first 5-s sprint was similar in all conditions, as an enhanced anaerobic energy release can compensate for the reduced aerobic ATP production during short maximal efforts in hypoxic conditions (Calbet et al., [@B13]). Compared to NM, a larger sprint decrement score and a shorter cumulated distance covered from sprint 1 to 8 occurred in HA, but not in LA, with also no difference between NM and LA. Consistent with previous repeated sprinting literature (Bowtell et al., [@B8]), our data therefore show that performance fatigability was significantly exacerbated relative to NM only under our severer hypoxic condition. The question of whether the same is true when completing identical repeated sprinting protocol at natural altitude (i.e., hypobaric hypoxia), known to induce severer physiological responses (Millet et al., [@B41]) and eventually larger neuromuscular alterations, has not been specifically addressed. Hence, the decrease in air density upon ascent to terrestrial altitude reduces air resistance, which is likely to decrease the energy cost of running at high velocities, and thereby improve single sprint performance (Levine et al., [@B39]). When sprints are repeated, however, hypobaric hypoxia would induce higher work of breathing responses and more detrimental neuromuscular consequences than exposure to gas mixtures lowering FiO~2~. Despite lower SpO~2~ values in the severer hypoxic condition, it is interesting to observe in this study that sensations that regulated the integrity of the performer (ratings of perceived exertion or perceived fatigability) and associated heart rate responses did not differ between SL and HA.

Neuromuscular parameters during maximal contractions
----------------------------------------------------

Along with lower distance covered during the repeated-sprint test, post-exercise reduction in maximal KE torque, as measured from brief MVCs, was \~5% larger in HA (−14%) compared to NM (−9%). This later result is in line with a previous study where the decrease in KE MVC torque under hypoxia (FiO~2~ = 14%) was 6% larger in reference to normoxia after the completion of 15 5-s cycling sprints interspersed with 25-s of rest (Billaut et al., [@B6]). Despite not supported by statistical analysis, our novel finding was that a graded effect of hypoxia was visible for strength losses post-repeated sprinting with progressively larger values (−9, −12, and −14%) with increasing severities of acute hypoxia. This extends similar findings following maximal intermittent dynamic leg extension where KE MVC torque losses increased (yet non-significantly) with hypoxia severity (−18, −19, and −27% in FiO~2~ = 21, 14, and 10%, respectively) (Christian et al., [@B14]). Contrastingly, performing sets of intermittent, isometric, quadriceps contractions at 60% of MVC force to task failure in normoxia, mild hypoxia, moderate hypoxia and severe hypoxia (FiO~2~ = 21, 16, 13, and 10%) resulted in \~30% declines in MVC force in all conditions, despite large differences in time-to-task failure (24.7 vs. 15.9 min in FiO~2~ = 21 vs. 10%) (Goodall et al., [@B29]). Potentially, differences in exercise mode/duration/intensity and individuals\' tolerance to hypoxic stress, in turn affecting the magnitude of reduction in convective O~2~ transport, may explain aforementioned diverging results on MVC torque and further confirm that fatigue is task-dependent.

Also worth noticing, the effect of fatigue on M-wave changes during repeated sprinting is not clear-cut in literature, with reports of decreased (Perrey et al., [@B49]), unchanged (Girard et al., [@B21]), and increased (Racinais et al., [@B52]) amplitudes. Consequently, normalizing the raw EMG amplitude to a maximum compound action potential (M-wave) is a methodological requirement allowing control for any changes in neuromuscular junction and sarcolemma excitation, and hence, enhancing the sensitivity of EMG amplitude measurements. In this study, maximal normalized EMG activity (RMS~MAX~/M-wave ratio) was dampened during MVCs in VL (−8%; albeit not significantly different) and RF (−14%) muscles. This suggests that the magnitude of the efferent motor outflow reaching the KE was adversely affected by the repetition of eight maximal sprints, confirming previous observations (Girard et al., [@B22]; Brocherie et al., [@B10]), while severity of hypoxic exposure had only minimal effect.

Rapid muscle force characteristics
----------------------------------

In addition to the post-exercise decrement in MVC torque, this study is unique as far as we are aware in reporting that the altitude severity (at least to 3600 m) did not modify the post-exercise RTD responses: the early phase RTD (30 and 50 ms) did not change, whereas the decline in peak RTD and absolute RTD values in the late phase (100 and 200 ms) of muscle contraction was similar between the normoxic and hypoxic conditions. In hot and cool conditions, a global (i.e., at all time intervals) downward-shift in the contractile RTD occurred after repeated cycling sprints (Girard et al., [@B21]). As it was unrelated to environmental conditions (i.e., modest hyperthermia), this was taken to reflect an overall fatigue-induced reduction in rapid muscle force characteristics. In the present study adopting a running mode, the difference between early (unchanged) and late (decreased) phases absolute RTDs may relate to the relative influence of passive stiffness in serial/lateral force transmission structures, myofiber cross-bridge kinetics and neural drive (Edman and Josephson, [@B17]). With late phase RTD more likely be affected by the fiber type composition (Penailillo et al., [@B48]), a more pronounced fatigue of faster fiber types after repeated running sprinting (Girard et al., [@B22]), in turn associated with slower cross-bridge kinetics (Hamada et al., [@B32]), may dictate observed magnitude of post-exercise alterations in absolute RTD. Importantly, the exercise-related decline seen for the late-phase absolute RTD values occurred regardless of the environmental condition. In line with these findings, we have recently reported that heat stress does not exacerbate alterations in rapid muscle torque production capacity of KE neither after repeated cycling sprints (Girard et al., [@B21]) nor prolonged tennis playing (Girard et al., [@B27]).

In this study, when controlling for fatigue-induced reduction in maximal strength, we failed to demonstrate significant reductions in explosive strength post-exercise at any time interval. In fact, RTD is increasingly related to maximal muscle force, and reliance on muscle contractile properties decreases, as the time (mostly from 90 ms) from the onset of contraction increases (Andersen and Aagaard, [@B2]). The time interval in which RTD is determined influences the nature of the association between maximal muscle force and RTD and, in turn, the nature of fatigue-induced responses. By using different experimental designs (i.e., resistance training and verbal instructions during protocol), however, others have questioned the direct relationship between maximal force and RTD (Griffin and Cafarelli, [@B31]; Holtermann et al., [@B34]). Regardless, our data show the influence of maximal strength in maintaining normalized RFD values at all time intervals after repeated sprinting in differing hypoxic conditions.

Muscle activation rise
----------------------

Whereas maximal VL muscle activation capacity (RMS~MAX~/M-wave ratio) was impaired by sprints repetition, the ability to rapidly activate the VL muscle, as inferred from the rate of EMG amplitude rise, did not change in our study. Consistently, whole-body exercise studies, for instance following simulated team- (football: Thorlund et al., [@B57]; handball: Thorlund et al., [@B58]) and racket- (tennis: Girard et al., [@B27]) sport matches or a repeated cycling sprint protocol (Girard et al., [@B21]), show that reductions in RTDs are generally not associated with significant decreases in EMG values of quadriceps muscles. Opposite results have been reported by Morel et al. ([@B42]) after the completion of 20 sets of 6-s isokinetic maximal KE at 240° s^−1^, starting every 30 s. In their study, reductions of RTD were associated with a dampened activation capacity of the VL muscle in the early phase of muscle contraction, whereas participants were capable of producing similar maximal activation levels (Morel et al., [@B42]). Methodological differences (e.g., various time intervals, manual vs. automated methods to detect contraction onset; instructions to the participants during the contraction execution) preclude meaningful comparisons of EMG responses between studies.

In our study, the fact that RF muscle activation rise increased (at all time intervals) from pre- to post-exercise, despite significant alteration of the ability to maximally activate this muscle, is an interesting observation. Considering the different activation sequences of this bi-articular muscle during sprinting (Morin et al., [@B43]) and the observation of reductions in RF RMS activity levels over sprints repetition (Brocherie et al., [@B10]), it cannot be ruled out that this finding may partly depend on our non-specific testing position (i.e., marked hip extension while seating). Potentially, different results would occur when adopting another posture (i.e., when lying down) since knee position (RF muscle length) significantly affects quadriceps activation strategies (Krishnan et al., [@B36]). While this result was unexpected, larger activation in the *soleus* muscle has also been observed +24-h post-football game in hot vs. neutral environment (Girard et al., [@B26]). Explosive force production depends on muscle fascicle shortening velocity and the tendon\'s elastic energy storage capacity, with tendon stiffness in turn affecting the time lag between muscle activation and muscle force production (i.e., electromechanical delay) (Proske and Morgan, [@B51]). In our study, a fixed electromechanical delay was used to determine EMG onset rise. As such, the role of tension-sensitive mechanoreceptors located in the muscle (e.g., Golgi tendon organs and muscle spindles) in influencing the tendon\'s stiffness, and thereby length change of the muscle fibers during explosive KE through proprioceptive feedback, probably did not change. A further result was to demonstrate that hypoxia severity had no effect on post-exercise adjustments in rapid muscle activation capacity. Potentially, longer sprints, shorter recoveries or combination of both (more intense exercise-to-rest ratios) and/or the use or severer hypoxic conditions might yield more unfavorable results with respect to RTD adjustments resulting directly to decreases in muscle activation rates if greater fatigue levels could be attained.

Additional considerations
-------------------------

Importantly, a marked reduction in the intrinsic contractile capacity for explosive force production cannot be ruled out, as substantial peripheral locomotor muscle fatigue development (i.e., twitch torque decrease) usually occur as a result of repeated sprinting, independently of hypoxic severity (Billaut et al., [@B6]). Assessment of electrically evoked RTD can give insight into the intrinsic capacity of the muscle-tendon unit for explosive force production without the influence of voluntary control. This can be investigated by examining the response to a single or ideally high frequency contractions, such as an evoked octet (e.g., eight pulses at 300 Hz; Buckthorpe et al., [@B11]), to reliability evoke the maximum capacity for RTD.

In our study, all pre- and post-neuromuscular assessments were performed in normoxia with similar SpO~2~ values of 96--97%. Reportedly, SpO~2~ recovery response after an acute exposure to normobaric hypoxia (FiO~2~ = 10%) decreasing SpO~2~ to 85% is \~2 min (Krivoshchekov et al., [@B37]). With hypoxic simulation applied during the repeated sprint exercise through the use of a facemask, participants were switched to normoxic breathing immediately (within seconds) after exercise cessation and seated on the chair, located near by the treadmill, for post-test assessment that started exactly 1 min after the last sprint completion. Whether this maneuver induced a faster recovery of neuromuscular function parameters, compared to situations where individuals continued breathing a hypoxic mixture (i.e., similar to exercise conditions), is unknown.

When evaluating RTD, most of the studies have used the same contraction, with a "hard and strong" instruction, to evaluate explosive and maximal voluntary strength capacities. The potential problem associated with this practice, however, is that only ballistic contractions (i.e., force production as fast as possible followed by muscle relaxation as soon the target force is reached) allow a careful evaluation of the maximal discharge rate of motor neurons (Duchateau and Baudry, [@B16]). Compared with a "hard-and-fast instruction," the steeper force development with a "fast" only instruction relates to a better activation of the agonist muscles at contraction onset (Sahaly et al., [@B54]). Although using this methodological precaution required a greater number of contractions (and potentially may have induced some recovery in neuromuscular function), we felt that it was a necessary prerequisite not to underestimate the true rate of muscle activation of our participants.

Because elite players are more accustomed to repeated-sprint activities, one can assume that, in comparison to recreational team-sport participants involved here, they may have been able to better resist fatigue. In a group of 17 healthy recreationally active individuals, those facing the greatest RTD reductions also experienced the largest fatigue rate during a Wingate cycle ergometer test and greater fatigue during an electrical stimulation protocol (Morris et al., [@B45]). Along the same line, only males were studied here, while females are generally less fatigable compared with men during repeated-sprint protocols (Billaut and Bishop, [@B5]). Whether performance level and/or gender differences exist regarding neuromuscular consequences (with special references to explosive strength), when completing repeated-sprint exercises at different altitudes, warrant further investigation.

Conclusion {#s5}
==========

In summary, alteration in repeated-sprint ability and post- KE MVC was greater under high altitude than in normoxia or at low altitude. In the KE, peak and late phase (\>100 ms) contractile RTD decreased post-exercise to the same extent between conditions. However, contractile RTDs were not different after normalization to MVC torque, indicating that post-exercise strength losses accounted for the decrease in RTD. Additionally, we reported that repeated running sprints do not negatively influence the capacity of the central nervous system to rapidly activate the VL (unchanged) and RF (improved) muscles during the first 200 ms, whereas maximal activation was dampened later during the contraction. Finally, normobaric hypoxia exposure had no additional influence on post-exercise alterations in rapid muscle torque production of the KE.
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